1 Alumina supported Pt nano clusters under hydrogen environment play a crucial role for many heterogeneous catalysis applications. We conducted grand canonical genetic algorithm (GCGA) simulations for supported Pt 8 clusters in hydrogen gas environment to study the intra-cluster, cluster-support, and cluster-adsorbate interactions. Two alumina surfaces, α-Al 2 O 3 (0001) and γ-Al 2 O 3 (100), and two conditions T =600 • C, p H 2 =0.1 bar and T =25 • C, p H 2 =1.0 bar were considered corresponding to low and high hydrogen chemical potential µ H , respectively. The low free energy ensemble of Pt 8 is decorated by a medium (2 ∼ 12 H), resp. high (20 ∼ 30 H), number of hydrogen atoms under equilibrium at low µ H , resp. high µ H , and undergoes different morphology transformations on the two surfaces. On α-Al 2 O 3 (0001), Pt 8 is mostly 3D but very fluxional in structure at low µ H and converts to open one-layer 2D structures with minimal fluxionality at high µ H , whereas on γ-Al 2 O 3 (100), the exact opposite occurs, and Pt 8 clusters present one-layer 2D shapes at low µ H and switch into compact 3D shapes under high µ H , during which the Pt 8 cluster preserves moderate fluxionality. Further analysis reveals similar Pt -Pt bond length increase when switching from low µ H to high µ H on both surfaces, though morphology transformations are different. Electronic structure analysis shows the existence of bonding interactions between Pt and Lewis acidic Al 3+ sites along with the Pt -O interaction, which implies the necessity to include Al neighbors to discuss the electronic structure of small Pt clusters. 2
it is crucial to characterize and understand the adsorbate induced reconstructions. For example, under a CO environment, supported Rh clusters can be disintegrated into small fragments (such as Rh-(CO)n) 18, 19 and the process is also reversible when CO is removed. This process can be completed within several seconds, which is very fast compared with the time scale in real world experiments. This means that the actual catalytic species can not be identified if the experimental characterization is conducted under vacuum and ex-situ conditions.
Sub nano Pt clusters supported on alumina in a hydrogen environment are important catalysts for many important catalytic reactions, including hydrogenation [20] [21] [22] , NO x removal 23 , CO oxidation 24, 25 , dehydrogenation 26 , and reforming 27, 28 . However, these are challenging systems, because the catalytic properties of Pt@Al 2 O 3 are sensitive to the environment, and the optimal performance requires a careful setting of reaction conditions. The chemical environment exerts a strong influence on the catalytic properties of the Pt clusters. For example, in the alkane dehydrogenation reaction, the partial pressure of the H 2 gas has a vital impact on the lifetime of the catalyst, by avoiding coking. 26 The property of the alumina support also impacts the catalytic reactions. For example, He and Wang et al. showed that the pore size distribution and the inherent acidity of Al 2 O 3 change the lifetime of the catalysts. 29 .
The acidity of the Al 2 O 3 surface can be modified by SiO 2 or Cs 2 O doping, which in turn alters the selectivity toward hydrogenolysis byproducts. 30 .
Several theoretical studies investigated the effect of hydrogen adsorption on the structure and electronic properties of small Pt clusters. Those studies underlined the phenomenon of morphology transition when the environment is switched. Mager-Maury et al. investigated the morphology of Pt 13 clusters in a wide range of hydrogen coverage. In this theoretical work, the Pt 13 cluster is supported on the γ-Al 2 O 3 (100) surface and the structure of Pt 13 H x is explored by molecular dynamics. 31 The results show that at low hydrogen coverage, the Pt 13 cluster presents a biplanar shape, but the shape converts to a cuboctahedron at high hydrogen coverage. C.H. Hu et al showed that the structure of the cluster is also affected by the choice of the alumina support. The biplanar shape of Pt 13 on γ-Al 2 O 3 (100), with both Pt -O and Pt -Al bonds, is transformed to a 3D shape, which is hydroxylated after standard temperature treatment, and the cluster only weakly interacts with the surface hydroxyl groups. 32 Another study by G.S. Erfani et al. also show that the morphology of Pt clusters on γ-Al 2 O 3 (110) is inter-convertible by varying the surface hydroxyl coverage, 33 which alters the strength of Pt-surface interaction. The Pt 22 cluster shows a strong adhesion on the γ-Al 2 O 3 (110) surface and a 2D shape at low hydroxyl coverage, while it transforms to a 3D structure when the hydroxyl coverage is greater than 0.325 ML. However, they showed that such morphological transition only takes place for the small Pt 22 cluster and is not observed for a larger Pt 44 cluster. 33 At finite temperature in catalytic conditions, thermal fluctuations induce cluster isomerization and formation of meta-stable structures, which are minor in the population but still accessible, and could have properties that are distinct from those of the global minimum structure. 34 Alexandrova and Anderson showed that in other applications, in the absence of added hydrogen, H-free Pt 7 and Pt 8 on α-Al 2 O 3 feature 3D global minima, while Pt 7 additionally has a thermal acess to flatter isomers that wet the support, and those flat isomers (rather than the global minimum) in fact govern the catalytic activity of the system. 34, 35 The shape transition is also demonstrated by experimental results from insitu HERFD-XANES (high energy resolution fluorescence detection X-ray absorption near edge structure). 36 H. Mistry and B. R. Cuenya et al studied the electronic and structural properties of Pt clusters on γ-Al 2 O 3 (100) under different hydrogen pressure. They found that when the partial pressure of H 2 increased from 1 to 21 bar, the H/Pt ratio changes from 1.9 to about 2.5 with a morphology transition from 2D to 3D. 37 The present contribution follows such efforts to understand and rationalize the effect of supports and hydrogen environment on the electronic and morphological properties of Pt nano-clusters. Small Pt clusters are very flexible in geometry 35, [38] [39] [40] [41] [42] [43] and their global minimum and other lowest-energy accessible isomers can not be simply guessed. Additionally, hydrogen adsorption also alters the cluster' geometries, further complicating the structure identification. Therefore, we exploited a grand canonical genetic algorithm method, which optimizes the geometry and adsorbate coverage simultaneously for supported Pt 8 clusters.
These simulations produce structures that are quasi-free energy minima, in the sense that they take into account the internal electronic energies of the systems, and the change of the chemical potential of hydrogen upon adsorption. For simplicity, the vibrational entropy is not accounted. We furthermore characterize the cluster systems not in terms of just one global minimum, but as ensembles of many thermally-accessible structural states.
It has been shown recently that these higher-energy states are critical in determining the properties of cluster catalysts. 34, 35, [41] [42] [43] [44] In order to investigate the influence of the hydrogen environment, two different conditions were considered in this work. The first one (T =600 • C and p H 2 =0.1 bar) corresponds to the standard propane dehydrogenation condition, in which hydrogen is co-fed with propane to prevent coke formation. We refer to it as the low µ H because of the high T and low p H 2 .
The second one (T =25 • C and p H 2 =1 bar) is close to a typical hydrogenation reaction and we refer to it as high µ H in the text. In addition, two different surfaces are modeled, e.g. This manuscript is organized as follows. In section II, we present calculation details and the grand canonical genetic algorithm (GCGA) used in this work. Then in section III, we discuss the structures obtained with GCGA and the influence of the support surface and the hydrogen reactant on the cluster structure. Finally, In section IV, we discussed the geometry transitions and the electronic structures of supported Pt 8 H x clusters under different conditions.
II. METHODS AND MODELS

A. Grand canonical genetic algorithm
Since the hydrogen coverage of small Pt cluster varies strongly upon temperature and hydrogen pressure, determining the structure of the Pt n H x cluster in specific conditions is challenging. The standard approach is to explore each coverage x independently and then evaluate the phase diagram based on the optimal geometry at different composition. This approach has two major limitations. First, it is based on a single global minimum structure, whereas we now know that this representation is far from the reality at catalytic temperatures. In fact, more realistic "hot" phase diagrams based on ensembles of many accessible states have been recently introduced. 45 Secondly, one needs to perform all x global optimizations for every n in Pt n H x , i.e. tens of costly simulations for every single system. Considering the large system size, this approach is not practical. Therefore, we investigated the structures of supported Pt 8 H x clusters in the presence of a hydrogen reservoir by grand canonical genetic algorithm (GCGA). GCGA is a global optimization method designed for structural exploration at a fixed chemical potential rather than a fixed composition. Similar methods have been applied to explore the Zr-Cu-Al alloy with an empirical force field, 2D 6 materials, etc. 46 The GCGA algorithm works similarly to the conventional GA 47, 48 (or evolutionary algorithm) but aims at optimizing the free energy of the target system rather than the potential energy, i.e. minimizing ∆G in Eq. 1.
where 
where, T and p are the temperature and partial pressure of hydrogen. G 0 H 2 (T ) is the standard free energy of H 2 at T . h 0K is the enthalpy correction of H 2 at 0 K, and k B is the Boltzmann constant.
GCGA consists of several components, some of which are the same as conventional GA and others are altered for the current grand canonical (GC) approaches. The first element is the structure evolution algorithms, which includes two categories of operations: the mating (or heredity) and mutation. The mating operation generates one offspring structure from two parent structures. A detailed technical implementation of the mating operation with fixed composition can be found elsewhere. 47 In the GC approach, the algorithm needs to be modified, because the two parents may have different stoichiometries (i.e. different numbers of hydrogen atoms). In our implementation, an offspring structure is first generated from two parents as if there were no hydrogen atoms in the system. Secondly, according to the original connectivity matrix of the parent structure, hydrogen atom is also inherited to the offspring structure if one of the H binding sites (Pt atoms) was inherited. In some cases, the inherited hydrogen atoms will overlap with other H or Pt atoms in the generated structures.
These overlapping hydrogen atoms are removed before optimizations. In this way, the final offspring candidate may have different coverage from its two parents. However, the bonds between H atoms and their anchoring Pt atoms are still conserved and inherited from the parents.
The mutation operation in GA usually consists in several methods to change the positions of atoms, including a) random displacement, and b) reflection with mirror symmetry. Two 7 additional operations are introduced in the current GCGA method. They are c) adding and d) removing one adsorbate (hydrogen in this case). The Adding operation is completed by inserting an additional hydrogen atom in the vicinity of a randomly selected Pt atom while avoiding the overlap with other atoms within 0.7 × (r i + r j ) (r i is the covalent radius of atom i). The removing operation consists in randomly deleting a hydrogen atom from the system. Some other elements of GA, such as the evaluation of the fitness and the determination of identical structures, follow the algorithm similar to the one introduced by Vilhelmsen et al. 47 The method exploited in this contribution is developed based on the atomic simulation environment (ASE) package. A blueprint of the GCGA is shown in the Fig. S1 . Initially, structures (called seeds) are randomly generated on the slab support; typically they have high free energies (defined in Equ. 1). Hydrogen coverage is also randomly selected and hence not expected to be optimal. During the GCGA optimization, the number of hydrogen atoms, and the free energy of the system evolve simultaneously until convergence. During the global optimization, we exploited two density functional theory (DFT) approaches. In the first stage, the PBE functional 51 with moderate size (double-zeta) atomic basis sets (implemented in CP2K package 52 ) is used. DFT with this basis set is very efficient in computation, and therefore it enables GCGA to quickly approach an approximate ensemble of lowest-energy structures and hydrogen coverages. However, the downside of the small basis sets is the basis sets superposition error (BSSE), which biased the predicted coverage and favors compact geometries. To mitigate the impact of BSSE, the molecularly optimized Pt-O bonds with 9 oxygen atoms within 2.5Å of the cluster, and the cluster is also closely contacting at short distance (∼ 2.5Å) with 4 surface Al cations (shown in Fig. S7(a) ).
B. Models and DFT methods
To understand the interaction between the support and the cluster, the free energy of the Pt 8 H x -alumina system is decomposed into three terms including the free energy of the )) compared to that on the α-Al 2 O 3 (0001), but a different geometry ( Fig. 1b and 1d) , which is an one-layer compact morphology. GM structure (Fig. S8(b) ). The stability of the isolated cluster Pt 8 H 5 (indicated by its free energy), is very similar to that of isolated Pt 8 H 4 on α-Al 2 O 3 (0001) surface, though they have different geometries and coverage. However, the interaction energy between the clusters and surfaces are much smaller on γ-Al 2 O 3 (100) surface (-8∼-14 eV Fig. S8(b) ) than that on α- have one-layer morphologies except for just one isomer, who is a bilayer and appears at 0.46 eV above the GM (Fig. S3) . The hydrogen coordination analysis shows that all the hydrogen atoms adsorb on the top or the bridge sites, and we did not observe the formation of hydroxyls in this ensemble. The distribution of H coverage is also more narrow (from 4 to 8 hydrogen atoms). The size of LFEE in this case of high H coverage is only 2, which is much smaller than that at low µ H case on α-Al 2 O 3 (0001). We already observed in our previous study of isolated Pt 13 clusters that high coverage of H adsorption was decreasing the cluster fluxionality. 34 Here, in addition, the cluster experiences a strong interaction with the supoort, freezing it even more. Though the two structures are very similar in the morphology (Fig. S6) , the metastable structure is 0.48 eV higher than the GM. Considering the low temperature (25 • C) in this case, we can expect that the GM is the only observable structure. The deformation energies of the supports among these LFEE structures are about 3.9 eV ( Fig.   S8 ), which are smaller than that of the α-Al 2 O 3 (0001) and low µ H case, especially when compared with structures containing hydroxyls. (Fig. S8(a) ) The 2-dimensional Pt 8 H 24 , if standing alone without support, is not a preferable structure in terms of the free energy due to the small number of Pt -Pt bonds (Fig. S8(c) ). However, the flat geometry facilitates a large cluster-support interaction (∼ −15 eV), which finally stabilizes the system. The GM of Pt 8 H x @γ-Al 2 O 3 (100) is shown in Fig. 3b and Fig. 3d Fig. S8(d) ). However, the Pt 8 H x clusters, if standalone, are much more stable than those with flat geometry on α-Al 2 O 3 (0001) (by more than 5.0 eV when comparing Fig. S8(c) and Fig. S8(d) ).
There are 8 unique structures found in the LFEE, and all of them show a 3D morphology similar to the GM structures shown in FIG. 3b and FIG. 3d . All of them have an even count of H adsorbates. The larger size of LFEE, compared with that of Pt 8 H x on α-Al 2 O 3 (0001) at high µ H , implies the cluster's fluxionality is only partially decreased by the H adsorbates due to the weak interaction between the cluster and the support( Fig. S8(d) ). The hydrogen atoms still preferentially adsorb on the top or bridge sites, but some hollow sites are also occupied on the 3D clusters. the interactions between cluster and support are generally smaller, hence dewetting and compact geometry formation prevail.
IV. DISCUSSION
A. Radial Distribution Function and Bond Lengths Relaxations
The radial distribution functions (RDFs) of Pt -Al, The hydroxyl formation increases the surface deformation energy slightly (around 1 ∼ 2 eV larger than that of unhydroxlated surface), but strengthens the interaction between the Pt 8 H x -1 (or Pt 8 H x -2 ) clusters and the hydroxylated surface (∼ 5 eV stronger than others shown in Fig. S8(a) ). In contrast to the negatively charged Pt 8 , the hydrogen atoms (ex- At low µ H and on γ-Al 2 O 3 (100) surface (Fig 5b) , the charge transfer between the surface and Pt 8 H x clusters is less significant than that of Pt 8 H x @α-Al 2 O 3 (0001). The total amount of negative charge that Pt 8 clusters accept is almost constant for all the structures in LFEE, weakly increased ( Fig. S12(f) ) or even decreased ( Fig. S10(f) ) between Pt -O atoms on α-Al 2 O 3 (0001) surface, while the electronic charge density is moderately increased between the Pt -O atoms on γ-Al 2 O 3 (100) surface ( Fig. S11(f) ) although the increasing is less sound than that of Pt -Al bonds ( Fig. S10(e) , Fig. S11 (e) and Fig. S12(e) ). The electron localization On both surfaces, it is found that Pt 8 clusters with small hydrogen coverage retain the metallic nature with reasonable density of states around the E f , this is a indication of their potential good catalytic activity. Therefore, the small Pt clusters can be used for reactions at high temperature, such as propane dehydrogenation. 65 However, the large hydrogen coverage (θ ∼ 3.0) under the high µ H results in a closed-shell electronic structure with a rather large band gap (∼ 1.5 eV) on both surfaces (shown in Fig. S9(b) and Fig. S9(d) ). This implies that the considered GM Pt 8 H 24 cluster could be potentially not active in such a hydrogen environment. The potential activity can be achieved by dynamically detaching hydrogen atoms to create metastable structures, 34 which will be addressed in our further studies.
V. CONCLUSION
In this manuscript, we exploited density functional theory based grand canonical genetic algorithm to explore the ensemble of low free energy structures for hydrogenated Pt 
